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A B S T R A C T
Mechanical strength of the weldments is not only inﬂuenced by the composition of the metals but se-
lection of process parameters and weld bead proﬁle also play a vital role in determining the strength.
The relationships between the process parameters and the bead parameters controlling the bead shape
are to be established. This is achieved by the development of mathematical expressions, relating the weld
bead dimensions to the important process control variables affecting these dimensions. Also, optimiza-
tion of the process parameters to control and obtain the required shape and quality of weld beads is also
made possible with these expressions. The pulsing current parameters on weld pool geometry namely
front height, back height, front width and back width of pulsed current tungsten inert gas welding (PCTIG)
of titanium alloy was analyzed. Box–Behnken design was used to develop empirical relationships, in-
corporating pulsed current parameters and weld pool geometry.
Copyright © 2015, The Authors. Production and hosting by Elsevier B.V. on behalf of Karabuk
University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
1. Introduction
During welding of thin sheets many problems are experienced.
These problems are usually linked with temperature input. Fusion
welding generally involves joining of metals by application of heat
for melting of metals to be joined. Almost all the conventional arc
welding processes offer high heat input, which in turn leads to
various problems such as porosity, warping of welded sheets, grain
coarsening, evaporation of useful elements present in coating of the
sheets, etc. Use of the proper welding process, procedure and tech-
nique is one tool to address this issue [1–5]. Gas tungsten arc welding
(GTAW) is a good process for joining thin sheets but it suffers with
low welding speed and high equipment cost.
Pulsed current gas tungsten arc (PCGTA) welding, developed in
the 1950s, is a variation of GTAW process that involves cycling the
welding current at a selected regular frequency. The maximum
current is selected to give adequate penetration and bead contour,
while the minimum is set at a level suﬃcient to maintain a stable
arc [6,7]. This permits arc energy to be used eﬃciently to fuse a
spot of controlled dimensions in a short time producing the weld
as a series of overlapping nuggets. By contrast, in constant
current welding, the heat required to melt the base material is sup-
plied only during the peak current pulses allowing the heat to
dissipate into the base material leading to a narrower heat affected
zone (HAZ) [8]. Advantages include improved bead contours,
greater tolerance to heat sink variations, lower heat input
requirements, reduced residual stresses and distortion, reﬁne-
ment of fusion zone microstructure, and reduced width of HAZ.
The four independent parameters that inﬂuence the process are
peak current, background current, pulse frequency, and pulse on
time [7,8]. Experimental results have shown that the front height,
front width, back height and back width of the weld pool in the
gas tungsten arc (GTA) welding of stainless steel are greatly im-
proved by using this approach [9,10]. However, fewer studies have
been reported so far on pulsed current GTA welding of titanium
alloys.
Optimization of process parameters for pulsed current gas
tungsten arc welded austenitic stainless steel AISI 304L of 4 mm
thickness was attempted. Investigations were carried out to study
the effect of frequency with respect to penetration and bead
width to penetration ratio (Aspect Ratio). Three level 4 factor Taguchi
L9 orthogonal array was used to carry out the bead on plate welds.
Taguchi analysis was done for main effects plot to optimize the
process parameters and ANOVA was used to ﬁnd the percentage
contribution of each factor and their responses. The key ﬁndings
of the article elucidated that full penetration with optimized aspect
ratio could be achieved on employing high frequency pulsing [11].
Medium strength aluminum alloy (Al–Mg–Si alloy) was joined
by tungsten inert gas (TIG) welding due to its comparatively easier
applicability and better economy. In the case of single pass TIG
welding of thinner section of this alloy, the pulsed current has been
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found beneﬁcial due to its advantages over the conventional
continuous current process. The use of pulsed current parameters
has been found to improve the mechanical properties of the welds
compared to those of continuous current welds of this alloy due
to grain reﬁnement occurring in the fusion zone [12].
The effects of current pulsing on the microstructure, hardness
and tensile properties at different temperatures of gas tungsten
arc (GTA) weldments of titanium matrix composites were
studied. Full-penetration butt joints were made with or without
current pulsing. Optical microscopy, hardness test and scanning
electron microscopy were employed to evaluate the metallurgical
characteristics of welded joints. Tensile properties of weldments
at different temperatures were studied and correlated with the mi-
crostructure. The results exhibit that current pulsing leads to the
reﬁnement of the weld microstructure and TiB whisker and the
redistribution of reinforcements resulting in higher hardness,
tensile strength and ductility of weldments in the as-welded
condition [13].
2. Experimental set-up
This section describes the experimental set-up used in the present
work and explains the method adopted for optimizing the number
of experiments to be performed and method of weld bead geom-
etry measurement.
2.1. Materials and methods
The titanium alloy (Ti–6Al–4V) sheet of 1.6 mm thick was au-
togenously welded in a single pass. Shielding gas, high purity argon
gas, was used as trailing gas right after welding to prevent absorp-
tion of oxygen and nitrogen from the atmosphere. From the literature
three important factors of pulsed current GTA welding as pre-
sented in Table 1 were chosen. The joints were accomplished with
2 mm tungsten electrode under the welding conditions presented
in Table 2. A large number of trial runs were carried out using 1.6mm
thick mill annealed sheets of titanium (Ti–6Al–4V) alloy to ﬁnd out
the feasible working limits of pulsed current GTAW process pa-
rameters. Due to a wide range of factors, it was decided to use Box–
Behnken design to minimize the number of experiments to be
performed for investigation.
Design of Experiments (DOE) is a set of techniques that revolve
around the study of the inﬂuence of different variables on the
outcome of a controlled experiment. Generally, the ﬁrst step is to
identify the independent variables or factors that affect the product
or process, and then study their effects on a dependent variable or
response. Experiments are often run at different factor values called
levels. Each run of an experiment involves a combination of the levels
of the factors that are being investigated (Table 3). The Box–
Behnken design is a response surface methodology (RSM) design
that requires only three levels to run an experiment. It is a special
3-level design because it does not contain any points at the verti-
ces of the experiment region. This could be advantageous when the
points on the corners of the cube represent level combinations that
are prohibitively expensive or impossible to test because of phys-
ical process constraints.
2.2. Response surface methodology
This methodology is one of the statistical and mathematical
methods that are useful for modeling and analyzing engineering
problems. In this technique, the important goal is to optimize the
response surface that is inﬂuenced by various process parameters
of pulsed tig welding [14].
Response surface methodology procedure is as follows:
(a) Manipulating adequate and reliable number of experiments
of the response taken in to consideration.
(b) Arriving a mathematical model of the second order re-
sponse surface.
(c) Identifying the optimal solution set of process parameters that
could produce a maximum or minimum value of response
under investigation.
(d) Bringing out the effects of process parameters by creating two
and three dimensional plots.
2.3. Weld bead geometry
Weld bead samples were cut from each joint and the trans-
verse face of the samples were surface-ground using 120 grit size
belt with the help of a belt grinder, polished using grade 1/0, grade
2/0 and grade 3/0 (515 mesh size) sandpaper. The specimens were
further polished by using aluminum oxide initially and then by
utilizing diamond paste and velvet cloth in a disc polishing machine.
Several critical parameters of the weld pool geometry, such as bead
height and bead width (Fig. 1) were measured. The polished
specimens after cleaning with acetone were macro-etched by using
Kroll’s solution to reveal the geometry of the weld bead (Fig. 2).
The bead geometry was measured with toolmakers microscope
having an accuracy of 1 micron. The front height varied between
0.035 and 0.088 mm, Back height varied between 0.021 and
0.070 mm, Front width varied between 5.100 and 7.125 mm and
Back width varied between 3.967 and 6.880 mm. The experimen-
tal design matrix and the mathematical modeling of the bead
Table 1
Important factors and their levels.
S.No. Factor Notation Unit Levels
−1 0 1
1 Peak current p Amps 70 80 90
2 Base current b Amps 30 40 50
3 Pulse Frequency f Hz 3 6 9
Table 2
Welding conditions.
Power source Lincoln Electric, USA
Polarity/Voltage AC/22 Volts
Electrode W + 2% Thoriated (alloy)
Electrode diameter 2 mm
Shielding gas Argon, 10 lit/min
Welding speed 300 mm/min
Table 3
Box–Behnken design.
No. P B f Fh, mm Bh, mm Fw, mm Bw, mm
1 −1 −1 0 0.082 0.065 6.800 6.880
2 1 −1 0 0.067 0.046 5.258 4.868
3 −1 1 0 0.080 0.070 5.550 4.956
4 1 1 0 0.070 0.055 7.125 6.825
5 −1 0 −1 0.074 0.044 6.314 4.389
6 1 0 −1 0.084 0.053 6.571 5.056
7 −1 0 1 0.088 0.044 6.314 4.389
8 1 0 1 0.078 0.053 6.571 5.056
9 0 −1 −1 0.050 0.031 5.520 3.967
10 0 1 −1 0.062 0.047 5.286 5.620
11 0 −1 1 0.058 0.031 5.520 3.967
12 0 1 1 0.062 0.047 5.286 4.620
13 0 0 0 0.052 0.034 5.143 4.480
14 0 0 0 0.036 0.021 5.200 4.767
15 0 0 0 0.050 0.031 5.100 4.580
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geometry is performed in consideration with the previous litera-
ture [15–18].
3. Experimental relationships
The response function representing any of the weld pool di-
mensions is expressed as Y = f (p, b, f) [15], where p is the peak
current, b is the base current and f is the pulse frequency. The second
order polynomial (regression) equation used to represent the re-
sponse ‘Y’ is given by:
Fig. 1. Typical weld pool geometry.
Fig. 2. Macrographs of weld pool.
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where b0 is the average of responses and b1, b2, . . ., b34 are the co-
eﬃcients that depend on respective main and interaction effects of
the parameters. The value of the coeﬃcients has been calculated
using the expressions [18] and the calculated values are pre-
sented in Table 3.
All the coeﬃcients were tested for their signiﬁcance at 90% con-
ﬁdence level applying Student’s t-test and the developed models
were tested at 99% conﬁdence level applying f-test using the SPSS
statistical software package. After determining the signiﬁcant co-
eﬃcients, the ﬁnal relationships were developed [18].
Front height (Fh)
F p b f pb
pf
h = − + − + ∗{
− ∗ −
0 046 0 00313 0 002125 0 002 0 00125
0 005 0
. . . . .
. .002 0 025875 0 002875
0 009125
2 2
2
bf p b
f mm
+ +
+
. .
.
(2)
Back height (Bh)
B p b f pb
bf
h = − + − +{
+ +
0 02133 0 00175 0 007 0 00125 0 0085
0 0025 0 0
. . . . .
. . 22333 0 015333 0 0048332 2 2p b f mm+ + }. .
(3)
Fig. 3. Surface plot showing the effect of process parameters on bead height.
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Front width (Fw)
F p b p
b
w = + + +{
− +
5 14767 0 068375 0 018625 1 03754
0 00196 0 2572
2
2
. . . .
. . 92 0 779252f pb+ }. mm (4)
Back width (Bw)
B p b p fw = + + + +{
+
4 609 0 148875 0 292375 0 726125 0 547125
0 9702
2 2. . . . .
. 5 0 25pb bf mm− }. (5)
4. Results and discussion
The experimental relationships developed above can be em-
ployed to predict the geometry of weld bead and shape relationships
within the range of parameters used in the investigation by sub-
stituting their respective values in coded form. Based on these
models, the main and the interaction effects of the process param-
eters on the bead geometry as depicted in Figs. 3 and 4. The results
show the general trends between cause and effect.
4.1. Interpretation of response graph to understand the effect of
process variables on the bead geometry
In pulsed current gas tungsten arc welding, heat energy is sup-
plied only during peak current pulses, allowing it to dissipate into
the base metal during the background current and thus lowering
heat build up in the adjacent base material, thus leading to a nar-
rower heat affected zone. Fig. 3a shows the interaction effect of
Fig. 4. Surface plot showing the effect of process parameters on bead width.
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the two factors, base current and peak current at 6 Hz pulse
frequency on the front height of the weld bead geometry.
Minimum front height is 0.05 and maximum front height is
0.075 mm.
When peak current is maintained at 80A, the interaction between
base current and pulse frequency yields maximum 0.064 and
minimum 0.046 mm of front height respectively as seen in Fig. 3b.
Maintaining base current at 40A, the interactive effect of pulse fre-
quency and peak current fetches a maximum front height of
0.075 mm and minimum front height of 0.035 mm (Fig. 3c). As far
as back height is concerned (Fig. 3d), when pulse frequency is main-
tained at 6 Hz, a maximum value of 0.07 and minimum value of
0.025 mm are obtained when the interaction exists between peak
current and base current. The response plot shown in Fig. 3e brings
out the interaction between pulse frequency and base current for
a peak current value of 80A. The interaction effect produced a
maximum value of 0.045 mm and minimum value of 0.025 mm of
back height. Fig. 3f shows the interaction effect of the two factors,
pulse frequency and peak current, at 40A base current on the
back height of the weld bead geometry. Minimum back height
of 0.025 mm and maximum back height of 0.05 mm are
obtained.
Fig. 4a shows the interaction effect of the two factors, base current
and peak current, at 6 Hz pulse frequency on the front width of the
weld bead geometry. Minimum front width is 5.0 and maximum
front width is 7.0 mm.When peak current is maintained at 80A, the
interaction between base current and pulse frequency yields
maximum 5.40 and minimum 5.15 mm of front width respective-
ly as seen in Fig. 4b. Maintaining base current at 40A, the interactive
effect of pulse frequency and peak current fetches a maximum front
width of 6.20 mm and minimum front width of 5.0 mm (Fig. 4c).
As far as back width is concerned (Fig. 4d), when pulse frequency
is maintained at 6 Hz, a maximum value of 6.50 andminimum value
of 4.25 mm is obtained when the interaction exists between peak
current and base current. The response plot shown in Fig. 4e brings
out the interaction between pulse frequency and base current for
a peak current value of 80A. The interaction effect produced a
maximum value of 5.60mm andminimum value of 4.40mm of back
width. Fig. 4f shows the interaction effect of the two factors, pulse
frequency and peak current, at 40A base current on the back width
of the weld bead geometry. Minimum back width of 4.60 mm and
maximum back height of 6.00 mm are obtained.
This may be due to difference of heat input caused by variation
in pulse frequency. From 0 to 6 Hz of pulse frequency the interval
between pulses is low and hence the heat input which enters the
system at a moment decreases and bead width and height is low,
but when the frequency increases the heat input increases and hence
the width and height increase. The bead height and width dis-
played two different trends. It followed a decreasing trend up to 6 Hz
of pulsing frequency and then thereafter it was found to be in-
creasing as seen in Figs. 3 and 4.
After certain level of pulse frequency say 6 Hz in this case, the
pulse frequency is increasing and seems to be like a continuous
current which causes more heat input and hence the width and
height increase. The same trend is also observed in the case of peak
current. Initially as the peak current is less, the beadwidth and height
are more and as the peak current increases, the height and width
are reduced up to say 80 amps and then they increased for differ-
ent values of pulse frequency.
A pulsing frequency of 6 Hz is found to produce optimum results.
When the pulse frequency is less, the effect of ensuing pulses on
the bead is minimum. On the other hand, at high frequency rate,
the amplitude of the vibrations induced in the weld pool and the
oscillations of temperature are reduced to a greater extent. Thus
it is evident that there exists a pulse frequency at which the
effect is pronounced. In the present study, it is concluded that
when the process parameters are maintained at the center of the
Box–Behnken design, bead width and bead height can be kept
minimum.
5. Conclusions
In this experimental study, the relevance of response surface
methodology and Box–Behnken design for process parameter
optimization was discussed. The three-level three-factorial Box–
Behnken experimental design was applied for investigation. Box–
Behnken design is an experimental design which helps us to do a
minimumnumber of experiments with aminimumnumber of levels
in performing the experiments. Current pulsing does help in grain
reﬁnement which reduces the HAZ and improves the mechanical
properties.
The mathematical model equations were obtained for pulse tig
welding of titanium sheets using a MATLAB 7.1 software package.
Predicted values obtained using model equations were in good
agreement with the actual values obtained by experimentation.
This study proved that Box–Behnken design could be eﬃciently
be applied for modeling and optimization of weld pool geometry
of pulsed tig welded titanium sheets and that it is a better way
of obtaining the necessary data with the fewest number of
experiments.
(1) Box–Behnken design used for developing empirical relation-
ships to predict important weld bead geometry of pulsed
current GTA welded titanium alloy.
(2) The mathematical relationships developed can be em-
ployed easily in automated welding in the form of a program,
for obtaining the desired weld bead dimensions.
(3) Out of the three process variables considered, effect of pulse
frequency and peak current has a positive effect on most of
the important bead parameters.
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